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INTRODUCTION

Much controversy surrounds the ability of bats to thermoregulate,
especially within the hibernating state. The general conception is that all
bats become poikilothermic daily and also over-winter in deep hibernation. In fact, as much diversity exists in thermoregulatory patterns in
the Order Chiroptera as exists in all of the rest of the mammals. Some
species maintain their body temperature with a precision of + 1° C,
whether active or asleep; while other species can remain in deep torpidity with the body temperature near 0°C for several months without
arousal.
The intent of the present paper is to draw together much of the
relevant literature, mostly for the years 1964 through 1968; only particularly pertinent references before 1964 are cited. For the student of
chiropterology the list here should be considered only a guide to relevant
literature.
As one approaches the literature, one finds a real paucity of integrative experimentation, but an abundance of integrative speculation. The
present paper attempts both. The reader is encouraged to examine the
original references which contain much more information than could
be reviewed in this paper.
The organization of this discussion will be handled under the following general categories: ( 1) definitions of thermoregulatory terms, (2)
thermoregulation in the Megachiroptera, (3) thermoregulation in the
Microchiroptera, ( 4) rhythms in thermoregulation, ( 5) physiology of
hibernation, (6) behavior and ecology, (7) evolution of thermoregulation.

Previous Reviews
Kulzer in 1965 published a survey of temperature regulation in 27
species of bats, which represents a significant contribution to the literature because all studies were carried out under similar conditions. This
is the only study of this magnitude now in the literature. Stones and
Wiebers (1965a) have reviewed some of the literature on a variety of
species of bats, mostly with regard to patterns of temperature regulation.
Undoubtedly because most biologists have been nearctic or palearctic
in origin, mostly nearctic and palearctic species of bats have been
studied. As a result it was not until recently that papers began to
accumulate describing homeothermy in tropical Megachiroptera and
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Microchiroptera. This literature has been partially summarized (Kulzer,
1965a).
The literature on hibernation per se in bats is fairly well developed.
Starting with the first direct measurement of body temperature and
metabolism in a hibernating bat (Hall, 1852) many physiological studies
have been done on bats in torpidity. By and large, it seems that the
majority of the literature describes the North American little brown bat,
Myotis lucifugus, and its European counterpart, Myotis myotis. Thus
these two species have the dubious distinction of serving as the models
of Microchiropteran hibernation physiology. Only recently have studies
of physiological mechanisms of hibernation been published, and many
of these concern other orders of mammals. Since mechanisms of hibernation in bats probably do not differ appreciably from those in other
mammals, some of the references cited here deal with hibernation in
mammals other than bats.
Definitions of Categories of Thermoregulation
Three broad categories of thermoregulation can be defined: homeothermy, hibernation, and poikilothermy.
Homeothermy may be defined as: maintenance of a relatively constant body temperature near the active level of about 40° C by endogenous heat production, that is, the body temperature is relatively independent of the environmental temperature (Fig. 1). fo order to achieve
a greater and greater body-to-ambient temperature differential as ambient temperature declines, an increased amount of heat must be produced metabolically (Fig. 2).
Hibernation is defined as: a state of reduced metabolic activity in
which body temperature is not maintained near the active level but falls
to only a few degrees C above the environmental temperature (Fig. 1).
A reduction in metabolically generated heat is necessary for the body
temperature to decline with ambient temperature (Fig. 2). Below a
temperature of about 20° C the animal enters into a profound lethargy.
Arousal can be initiated at any time with a spontaneous endogenous
increase in heat production ( shading, Fig. 2). Hibernation is distinguished from hypothermia by the fact that a hypothermic animal cannot
initiate spontaneous arousal. These are clearly two different physiological states. Hibernators can be forced into hypothermia from which
they cannot arouse, and in which they will die after a period of days to
a few weeks, even though the same animal could have entered hibernation during that same time of the year and have lived on for months.

https://scholar.smu.edu/fondrenscienceseries/vol1/iss11/11

2

Henshaw: Thermoregulation in Bats

190

ABOUT BATS

Poikilothermy is a term which applies to animals other than mammals
and birds. It is defined as a relative dependence of body temperature
upon the ambient temperature. The amount of heat which is metabolically produced is substantially lower than that produced either by
the homeotherm or by the hibernator with an active body temperature.
This heat is insufficient to raise the body temperature more than a few
degrees above the ambient temperature (Figs. 1 and 2).
Poikilothermy is distinguished from hibernation by the much lower
increase in metabolic rate with increase in body temperature. In the
intermediate temperature range of 10° to 20° C, 010, for metabolic
rate in hibernating bats have been reported between 4 and 6 (Hock,
19 51; Henshaw, 1965) while 010, of poikilotherms are usually lower
than 3. Poikilothermy is readily distinguished from hypothermia. Poikilothermic animals are active at the lower body temperature while mammals or birds rendered hypothermic are unconscious and insensitive to
stimuli and are in an unnatural state. A number of researchers have
Fm. I. Hypothetical body temperature regulatory patterns as a function of
ambient temperature. Homeotherms retain a constant body temperature as
ambient temperature falls, while animals in hibernation maintain their body
temperature only a few degrees above the ambient. See text for discussion of
patterns.
Fm. 2. Hypothetical metabolic rate patterns as a function of ambient temperature. Shaded area represents metabolic rates exhibited by hibernators
which are not completely torpid. From Henshaw (1965).
Fm. 3. Patterns of regulation or body temperature as a function of ambient
temperature in tropical-, subtropical-, and temperate region species. Shaded
areas represent temperature intervals in which all observed body temperatures
fall. A-1: narrow-range homeothermy in large animals; A-2: narrow-range
homeothermy in animals with low body weight; B-1: wide-range homeothermy;
B-2: homeothermy attempted, partial torpidity at intermediate temperatures;
C-1: narrow-range homeothermy in species which at other times enter complete torpor; C-2: deep hibernation with complete torpor. These do not
represent discrete physiologically different mechanisms, but are used here for
convenience in description and comparison.
Fm. 4. Wing and deep body temperature as a function of ambient temperature in adult Pteropus poliocephalus. Inset diagram: location of thermocouples
and position of wings. Wings afforded about 10° insulation. Redrawn from
Bartholomew et al. ( 1964).
Fm. 5. Metabolic rate as a function of ambient temperature in homeothermic bats. Critical temperatures (CT) and thermal conductances (slopes
of diagonal lines, i.e., rate of increase in heat production °C), are a function
of body weight. Average body weights for Pteropus poliocephalus, P. scapulatus, Macroderma gigas, and Syconycteris australis were respectively, 598, 362,
148 and 18 g. From data in Bartholomew et al. (1964) and Leitner & Nelson
(1967).
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described mammals in hibernation as poikilothermic. One of the major
contentions of this paper will be that hibernators are at all times regulating their body temperature, however close to the ambient temperature, and that the word poikilothermy, should be reserved for description of animals other than birds and mammals.
H eterothermy is frequently found in the literature but is imprecisely
defined, and would better be used only as the adjective "heterothermic,"
meaning possessing or tolerating a variable body temperature. Torpidity
and torpor refer to the greatly reduced metabolism and irritability associated with hibernation at low temperatures. These words are used
here interchangeably with hibernation. Some authors, particularly the
French, also use cold lethargy to mean hibernation.
Several specific details of body temperature-regulation and metabolic
heat-production patterns should be noted. When exposed to ambient
temperatures near or above their active body temperatures, different
FIG. 6. Body-to-ambient temperature differential as a function of ambient
temperature. Data taken from Fig. 7. Symbols as in Fig. 7; shaded boxes
± 1 SD. M. lucifugus is better adapted for high ambient temperatures while
M. soda/is is better adapted for low ambient temperatures. From Hunshaw &
Folk (1966).
FIG. 7. Body temperature as a function of ambient temperature in Myotis
lucifugus and M. sodalis. Solid circles and line: M. lucifugus; open circles and
dashed line: M. soda/is.
FIG. 8. Metabolic rate, breathing rate, and evaporative water-loss rate as a
function of ambient temperature in Leptonycteris sanbomi. Below a critical
temperature, body temperature is maintained constant by metabolic rate increases, and breathing rate increases. Within and above the zone of thermal
neutrality breathing rate increases greatly, indicating panting, and evaporative
water loss increases proportionally; the added work of panting is paid for
with increased metabolic rate. From data in Carpenter & Graham (1967).
FIG. 9. B: Evaporative heat loss as a function of ambient temperature in
Myotis yumanensis, Tadarida brasiliensis, and Antrozous pallidus. Stipple: M.
Yumanensis and T. brasiliensis; Hatch: A. pallidus. Above horizontal line body
temperatures were less than ambient temperature because evaporative heat loss
exceeded metabolic heat production. Redrawn from Licht & Leitner ( 1967).
FIG. l 0. Duration of hibernating period as a function of ambient temperature in Spermophilus lateralis. The lower the ambient temperature the deeper
the torpidity, and the longer the duration of hibernation. From Twente & Twente
(1965).
FIG. 11. Percent evoked arousal as a function of percentage of hibernating
period in S. lateralis. Single intraperitoneal injections of 0.5 ml isotonic saline
caused no arousals during the first half of the hibernating period; percentage
of evoked arousals increased during the latter half of the hibernating period.
From Twente & Twente (1968).
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ANALYSIS OF TEMPERATURE REGULATION
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species of homeotherms and hibernators show different responses
( stippled area, Fig. 1). A few become hyperthermic, storing heat temporarily; little information is available yet on hyperthermia and heattolerance in bats. Most species with greater or less success enhance
evaporative cooling, and thus effect a reduction in body temperature
below ambient temperature. Frequently these mechanisms cost an added
increment in metabolic activity (Fig. 2).
All hibernators so far studied seem to select microclimate temperatures at least several degrees above freezing. If the temperature goes below this value, the animals augment heat production (Fig. 2), either in
proportion to decrease in ambient temperature so as to cause body
temperature to remain relatively constant and above its freezing point
(horizontal arrows, Fig. 1), or greatly enough to effect complete
arousal; and a new hibernating location is sought with warmer air
temperature (upward arrows, Fig. 1). Species of bats normally exposing
themselves to highly variable ambient temperatures are more irritable,
arouse more completely, and move among hibernacula more frequently
during the winter than do species selecting rather homogeneous ambient
temperatures above freezing.
It is likely ( though only a few data are at hand) that the ambient
temperature at which minimal metabolism occurs (Fig. 2) is adjusted to
the ambient temperature of the hibernaculum (high and low sets of
arrows, Fig. 1). This would mean that the individual animal in hibernation could maximize its energetic efficiency by minimizing metabolic
cost at the existing environmental temperature. These concepts will be
developed in substantially greater detail in a later section.
While the categories of thermoregulation may be considered physiologically different for descriptive purposes, animals do not perform in
such idealized ways. Rather, different species exhibit patterns which
intergrade between categories (Henshaw, 1967). Morphological, metabolic neurological, and behavioral differences cause quantitative shifts
in portions of these curves. Likewise if (as one would expect) capability for and utilization of homeothermy or hibernation have adaptive
significance, then thermoregulatory pattern should correlate with geographic range and microclimate of the species.
Patterns of Thermoregulation

Figure 3 in conjunction with Table I represents an attempt to correlate thermoregulatory patterns in all species for which data have been
found. Some species are continuously homeothermic, and any variation
in body temperature over a wide ambient temperature range would be
transient (Fig. 3, A-1). Smaller species (the smallest described was
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about 25 g), by virtue of a larger surface area with respect to body
volume, cannot maintain a high body temperature at the active level
near 40° C; but tend, rather, to maintain body temperature at approximately 25° C, with little variability, at ambient temperatures of 0° to
20° C (Fig. 3, A-2).
Some species (usually with body weights of less than 100 grams)
tend to remain homeothermic over the entire ambient temperaturerange, but with a much wider variability in body temperature (Fig. 3,
B-1) than was indicated in Fig. 3, A-1. Other species are at least as
variable but tend to allow body temperature to be determined by ambient temperature above 18° to 20° C (Fig. 3, B-2). These species are
unable to maintain body temperatures at active homeothermic level
when ambient temperature falls below about 25° C. Species described
in Fig. 3, A-1 and 3, A-2 are clearly good homeotherms; for the purposes of this paper the more thermolabile species described in Fig. 3,
it with decreasing
B-1 and 2 will be considered homeotherms-albeit
independence of environmental temperature.
The bats described in Fig. 3, C-1 and 2 are all hibernating species.
When these species are active they tend to maintain a nearly constant
body temperature near 40° C (Fig. 3, C-1); when they are inactive,
as in daily torpidity or over-wintering hibernation, body temperature
approaches within a few degrees the ambient temperature of the hibernaculum (Fig. 3, C-2). Thermoregulatory patterns of the species listed
in Table 1 will be described by reference to the graphs in Fig. 3.

A Note on Published Geographic Distributions
Designation in the original text for distribution of species as "tropical," "subtropical," and "temperate" may be gross over-generalizations,
and the reader is encouraged to obtain much more ecological information on the species of interest. For instance, "tropical" often describes
a circumequatorial zone excluding only the Nearctic and Palearctic regions. Usually all of Africa is considered by a temperate-zone biologist
as "tropical," and even southern South America is designated Neotropical, though it clearly is not tropical. Within even the most narrowly
described range of one species exists a diversity of microclimates among
which that species certainly will select, if the environmental parameters
are functionally important. For instance, in northeastern Central America within a few miles can be found tropical rain forests, steppe, cloud
forests, and alpine tundra. Temperature and humidity vary not only
from one climatic zone to another, but also within a climate zone with
time of day or night, height above the ground, wind, and weather. To
designate a species as tropical because it occurs in that section of the
globe ignores entirely the ecology of the species. As an example, the
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Fm. 12. Annual cycle rate of arousal from 3°C in Myotis lucifugus. During
the summer months no arousal could be effected, while during the winter the
animals aroused readily. Described by Menaker as a circadian rhythm of
hibernation and hypothermia. Redrawn from Menaker (1962).
Fm. 13. Resting heart rate as a function of ambient temperature in M. lucifugus and M. soda/is. Heart rate was an exponential function of body temperature in both species throughout the year; except that during spring, arousal
heart rate of M. sodalis was roughly twice the value for M. lucifugus at the
same period, or for M. sodalis at any other time of the year. From Henshaw
(1965).
Fm. 14. Time-course of oxygen consumption rate and body temperature as
a function of increasing ambient temperature in M. lucifugus. Metabolism increases slowly until body temperature reaches 15° to 20°C; above this, oxygen
consumption rate increases rapidly, and body temperature rises to above ambient temperature. Redrawn from Hurst & Wiebers (1968).
Fm. 15. Rates of body temperature increase in !11. lucifugus acclimatized to
different air temperatures. Temperatures taken with needle thermistor in interscapular brown fat. Initial slow arousal followed, above a body temperature of 10° to 14°C by more rapid rate in animals acclimatized to low temperatures. Rapid phase was delayed or absent in animals acclimatized to intermediate temperatures. Slow phase was still slower in animals and rapid phase
was absent in animals acclimatized to l6°C. Both rapid and slow phases were
absent in animals acclimatized to 20°C. Redrawn from data in Zervanos &
Henshaw (1969).
Fro. 16. Newtonian plot of carbon dioxide production rate as a function
of body-to-ambient temperature differential in M. lucifug11s. Data taken from
Fig. 16, A at an ambient temperature of 35°C. The format is the same as the
analogous plot of homeothermic beat production versus ambient temperature
(Fig. 2). All animals at a steady-state body temperature in a respirorneter
with air temperature of 35°C. Similar plots were constructed for observations
made at -5°, 5°, 15°, 25°, 40° and 45°C. Open circles: raw data; shaded
circles and solid line; computer-calculated second degree polynomial regression line. Basal metabolic rate identified as minimal carbon dioxide production rate at the experimental temperature. Thermal conductance calculated as
slope of the line (dashed) which could be fitted as nearly parallel to the
left-hand portion of the regression line as possible, and still extrapolate to
zero body-to-ambient temperature differential. Critical temperature differential
and upper critical temperature differential correspond to the boundaries of the
zone of thermal neutrality within which body-to-ambient temperature differential is regulated by physical adjustments alone (Brody, 1945; Scholander et al.,
1950).
Fm. 17. Circadian rhythms during hibernation. A: Rate of carbon dioxide
production in constant darkness in M. myotis. Redrawn from Pohl (1961). B:
Rectal temperature in constant darkness in M. lucifugus. Amplitude was slowly
lost in the absence of external time cues. Redrawn from Menaker (19 59).
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Phyllostomidae (leaf-nosed bats) are all listed as "tropical" in distribution, yet D. Carter (personal communication) has noted torpid individuals of Artibeus and Sturnira occurring at high altitudes in mountain
caves.
Relatively few studies of thermoregulation in bats have been made
with a thorough knowledge of the species' rnicrohabitat preferences,
which surely would affect the adaptive distribution of the genus or subfamily as typical of the species under investigation.
Because of the imprecision of our knowledge of the rnicroclimate of
each species, I will refer to all species designated "tropical" in the
original literature as "equatorial" in distribution. This will exclude
Nearctic, Palearctic, and southern neotropical regions. All species designated "temperate" may be Nearctic, Palearctic, or Southern Neotropical,
as well as alpine in distribution. Wherever the original or the present
author knows that the species occurs in an interfacial region between
clearly tropical exposure and clearly temperate seasonal shifts, the species is designated "sub-tropical." These will be seen to be useful categories in considering selective pressure for different thermoregulatory
patterns. The reader is referred to the chapter on zoogeography by
Koopman for maps of distributions.
THERMOREGULATION

IN THE MEGACHIROPTERA

Only one family, the Pteropodidae (the flying foxes or fruit-eating
bats), represents the Megachiroptera. All species of flying foxes are
considered "tropical" in their habitat preferences. The distribution of the
entire family includes all of southern, central and eastern Africa, southeast Asia, the Indonesian archipelago, and northern and eastern coastalA ustralia. It appears then that none of the species inhabit desert or
continuously dry habitats, though much of the inhabited regions of
Africa and Australia could be considered semi-arid.
All species of flying foxes are homeothermic (Fig. 3, A) (Eisentrant,
1938, 1956). The largest of these species such as Pteropus giganteus
and P. poliocephalus both have body weights of around 1 kg, and both
are thermally independent of extended low ambient temperatures which
might be experienced normally in their natural habitat (Kulzer, 1963a,
b, c, 1965a and b; Bartholomew et al., 1964).
The smallest of the fruit-eating bats yet studied in detail, Syconycteris
australis, with a body weight of 15 to 20 grams, attempts homeothermy.
However, during an exposure of one hour to an ambient temperature of
5° C the body temperature declined to 25° C (Bartholomew et al.,
1964). Undoubtedly this species restricts itself to habitats in which ambient temperature rarely drops below 5° C. Species with body weights
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as low as 60 g (such as Epomophorus anurus) have been shown to have
complete homeothermy when exposed to air temperatures of 0° C for
an extended period (Kulzer, 1965a and b).
As homeotherms, all species of flying foxes make behavioral and
physiological compensations for changes in ambient temperature. During
sleep and rest when the ambient temperature is less than 15° to 20° C
the animals commonly fold their wings around their ventral surfaces so
that the entire body is enclosed in a wing sac (Fig. 22). Even though
the wings are a thin membrane with hair covering, a temperature difference of more than 10° C can exist between the inside and outside
membrane (Fig. 4) (Bartholomew et al., 1964). Some species will enclose the entire head during sleep. If the ambient temperature drops
rapidly, or below 10° to 15° C, shivering ensues, and will continue until
the air temperature rises above the critical temperature. When ambient
temperature is rapidly raised or increases above about 35° C, the wings
no longer enclose the body, and the bats enhance evaporative cooling by
open-mouth panting, wing-fanning, salivation, and licking of the fur.
Such enhanced evaporative cooling stabilized the body temperature at
39°C (2°C above the resting active body temperature) in an air temperature of 40°C in P. poliocephalus (Bartholomew et al.).
Typical of all homeotherms, all species of flying foxes studied exhibit
a minimal metabolic rate over part of the temperature range, which may
be considered the basal metabolic rate. Below a critical ambient temperature (which is a function of the animal's body weight and its thermal
insulation), metabolic rate increases to compensate for the decrease in
ambient temperature (Fig. 5). The slope of this increasing metabolic
rate is thought of as thermal conductance, i.e., the rate at which heat is
lost from the body. Because of a larger surface-area-to-volume ratio.
smaller bats lose heat relatively more rapidly than the larger bats, and
are therefore at a greater metabolic disadvantage in low ambient temperatures. Two-day-old young of Pteropus poliocephalus weighing about
7 5 g were studied by Bartholomew et al. (1964) ; the young were
unable to maintain a constant body temperature in an ambient temperature of 24 ° C, and body temperature fell to within 3 ° C of the ambient
temperature after four hours. Subsequent studies in young with ages up
to 30 days showed an increasing ability to maintain body temperature in
an air temperature of 10° C; above the age of 30 days the bats could
maintain complete homeotherapy. Shivering did not develop before the
age of 15 to 17 days. They noted that young remaining with their mother
retained a body temperature within three degrees of their usual level,
but if removed from the mother, their body temperature rapidly declined. Bartholomew concluded that the basal metabolic rates of these
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species of flying foxes approximated the theoretical values for placental
mammals of their size (Morrison, Ryser, & Dawe, 1959).
While these species are "tropical" in their distribution, their response
to air temperatures in excess of the body temperature suggests that
ordinarily their environmental temperatures do not exceed the body
temperature. Likewise, the utilization by the bats of the various mechanisms of increased evaporative heat-loss suggests that the environmental
relative humidity is usually less than saturation, though in many tropical
environments the humidity is near 100% most of the time. It seems,
therefore, that even for these species for which there is considerable
environmental data, even more specific microclimatological characteristics must be known to fully appreciate the functional significance of
the physiological mechanisms studied.
THERMOREGULATION

IN THE MICROCHIROPTERA

Among the Microchiroptera that have been studied, all variations in
degree of body temperature regulation have been found, from complete
Fm. 18. Basal metabolic rate as a function of ambient temperature in
M. lucifugus and M. sodalis. A. M. lucifugus. Basal metabolic rate was an
exponential function of ambient temperature to 48°C. B. M. sodalis. Basal
rate exponent of ambient temperature, except below 5°C rate was increased,
thus keeping body temperature above its freezing point.
Fm. 19. Number of hibernating bats clustering in the over-wintering hibernaculum as a function of ambient temperature. A: M. lucifugus. Letters indicate months. M. lucifugus arrived at the cave during November; during December, January and February air temperature dropped while animals remained torpid; during February, March, April and May cave air temperature
rose while animals remained in hibernation; animals departed during May.
B: M. soda/is. Bats arrived at cave in October and November; during November, December, January, and February air temperature decreased while bats
remained in hibernation; during February, March, and April M. sodalis
aroused and departed from the cave in April before the air temperature had
risen more than 2°C. From Henshaw (1965).
Fm. 20. Generalized time-course of oxygen consumption rate, carbon dioxide
production rate, heart rate, and body temperature during hibernation. A: Entrance into hibernation. Pulsatile increases in metabolism do not stave off a
net decrease in metabolic heat production and body temperature slowly declines. Heart rate increases, precedes, or is simultaneous with, metabolismincreases; thus indicating that one of the tissues causing augmented metabolic
rate in the heart. B: Period of deep torpidity. Animal ceases all activity, and
body temperature very slowly becomes near isothermic with the environment.
Length of time in torpor is variable. C: Arousal from hibernation. Initial heat
production increases slowly until body temperature reaches an intermediate
level, then metabolism increases greatly and body temperature is rapidly increased; as body temperature reaches active level, metabolism is proportionately
decreased. Patterns based on data in Kayser (1961; 1963); Kulzer (1965);
Pohl (1961); Henshaw (1965).
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homeotherapy (Figs. 3, A-1, 3, B-1) to less precise homeothermy
(Figs. 3, A-2, 3 B-2), to daily and over-wintering hibernation (Fig. 3,
C-2). Patterns may be correlated with taxonomic group, and this will be
discussed in the last section of this paper, "Evolution of Thermoregulation." At this point discussion will consider specifically the various
metabolic responses of species to different ambient temperatures.
Species are homeothermic to varying degrees in equatorial regions
("tropical"), where low body temperatures usually associated with
torpor would be impossible due to high ambient temperature (Morrison, 1962). It appears that both tree-roosting and cave-roosting species,
and both gregarious and non-gregarious species are all homeothermic
in the tropics. In spite of the fact that all families of microchiroptera
are represented in equatorial regions, almost no comparative physiological work has been done. Such studies would make a major contribution.
Most of the temperate zone bats occurring in North America and
Europe have been studied; each has been found to hibernate in the
classical pattern (Fig. 3, C-2) during the winter, and also to become
torpid whenever they were inactive. In each case body temperature declined almost to the ambient temperature (Hock, 1951; Hanus, 1959a
and b; Pohl, 1961; Henshaw, 1965, 1966, 1968; Mejsnar & Jansky,
1967; Kulzer, 1965; Mislin & Vischer, 1946; Davis & Reite, 1967; Herreid & Schmidt-Nielsen, 1966; Goodwin & Greenhall, 1961; Morrison &
McNab, 1967; Leitner, 1966; Herreid, 1963a and b [e.g., Figs. 6 & 7]).
To permit body temperature to decline, metabolic heat production was
reduced approximately as an exponential function of ambient temperature (Hock, 1951; Pohl, 1961; Henshaw, 1965, 1968; Herreid 1963a
and b; Herreid & Schmidt-Nielsen, 1966). As a generalization, it may
be said that all temperate-zone species of bats hibernate over the winter;
this is probably the only energetic expedient available to an insectivorous
animal, except for long-distance migration during the winter when flying
insects are not about.
More recently, investigators have paid closer attention to the pattern
of temperature regulation employed by each individual species in its
natural habitat. It appears that at least some subtropical and temperate
zone species normally remain nearly homeothermic in their natural
habitat, but go into torpidity when placed into a respirometer (Herreid,
1963a and b; Herreid & Schmidt-Nielsen, 1966; Henshaw, 1965, 1966;
Stones & Wiebers, 1967; Morrison, 1962). This torpor may be likened
to "confinement hypothermia" observed in many small species of
homeothermic mammals placed in small respirometers. All of these
factors will be developed in greater detail in the following sections.
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Variability of Body Temperature
The most striking characteristic of the small bats of the temperate
zone is their highly variable body temperature. When an individual
ceases activity its body temperature usually declines. For instance, in
two species of Rhinolophus (Burbank & Young, 1934) and in Miniopterus (Morrison, 1959) the rectal temperature at the end of a long
flight was 41 ° C but this declined to 39.7° and 38.9° C respectively
while the animals were fully active but not flying. Morrison (1959)
quantified activity and demonstrated incremental increases in body
temperature with degree of activity. In spite of the highly variable body
temperatures in small bats, nervous activity is not independent of body
temperature; rather do sensory and motor function vary almost directly
with body temperature. Thus, body temperature and motor control in
Australian Miniopterus blepotis (Morrison, 1959) are similar to those in
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migratory subtropical Tadarida brasiliensis (Herreid, 1967) and temperate zone Myotis sodalis (Hall, 1962): end of flight, 39.6°C; stops
flying, about 36°C; flies with difficulty, 28 ° to 31 °C; unable to walk,
below 26°C. Incidental observations made in natural winter hibernacula
by many investigators show that hibernating bats, with few exceptions,
are capable of making only limited immediate responses to stimulation.
For instance, Pipistrellus subfiavus, Myotis lucifugus, M. keenii and
Eptesicus fuscus hibernating during the winter in caves in Minnesota
with air temperatures of 6° to 8°C were capable only of turning the
head and emitting a slow squeak and generally increasing muscle tone
in the appendages in response to tactual and auditory stimulation
(Swanson & Evans, 1936).
The particular microhabitat choices of individual species probably
determine, and in part are determined by, the physiological responses to
the ambient temperature. As was noted above, each species studied in
hibernation demonstrated a minimal metabolic rate at an ambient
temperature somewhat above the freezing temperature of the body tissues, usually in the range of 3 ° to 10°C. Below this ambient temperature, body temperature was increased by an augmentation in the metabolic heat production, which in the natural habitat probably would insure that the individual would not freeze to death. Species that select
different ambient temperatures within a cave hibernaculum make different physiological responses to near-freezing temperatures. Myotis
sodalis inhabits caves throughout the year, and forms over-wintering
hibernating clusters in regions of caves where the ambient temperature
is 2 ° to 5 °C above freezing. When this species was studied in the laboratory, it maintained its body temperature above 0°C while the air temperature was at -4 °C (Fig. 6 & 7). In contrast, Myotis lucifugus, which
inhabits hot buildings in the summer and roosts in locations in caves in
the winter where air temperatures remain 5° to 15°C, when studied under the same condition as Myotis sodalis maintained its body temperature about 1°C above the ambient temperature while the ambient temperature was at -4 °C. It rapidly entered a super-cooled state or froze to
death (Henshaw & Folk, 1966). In the confinment of this unnatural
chamber the bats cannot be considered to be completely capable of normal thermoregulation; however, relative differences in the capabilities of
the two species are readily apparent, and the correlation with the selected hibernaculum microclimate suggests that Myotis sodalis is better
adapted for thermoregulation at low ambient temperatures than is M.
lucifugus. Such physiological differences between two closely related
congeneric species probably are common, but few studies have been
designed to examine congeneric species differences.
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Constancy of Body Temperature
It is likely that all species of Microchiroptera employ homeothermy
for a larger percentage of the time than has been believed. All species
with an equatorial distribution have been found to be continuously
homeothermic. Tadarida brasiliensis, a migratory species inhabiting
subtropical regions of the southwestern United States, and Eptescus
fuscus, "a hibernating species" inhabiting temperate regions of the
United States, both maintain long-term homeothermy in their natural
habitats (Herreid, 1963a and b; Herreid & Schmidt-Nielsen, 1966).
If this degree of homeothermy is found in other species, then it is
likely that most bats which hibernate during the winter spend much
of their time in the summer in at least quasi-homeothermy. This
writer, upon entering many summer bat roosts, has found animals active
at all times of the day or capable of immediate flight upon disturbance.
Frequently summer roosts were situated on the southwest walls of a hot
loft where the air temperature is highest. Bats removed from these summer clusters to 25° to 28°C air temperature in the laboratory usually
clustered against the side of the cage against which a lit incandescent
lamp was placed, maximizing their use of exogenous heat sources for
maintaining near-homeothermy.
Because homeothermy is characteristic of the temperate-zone species
as well as the tropical-zone species, metabolic rates within the zone of
thermoneutrality were compared among all species. No clear inverse
relationship exists between body weight and minimal metabolic rate
expressed on a unit-weight basis. Further, the observed minimal
metabolic rate of nearly every species was substantially lower than would
be predicted from the formula 3.8 w-0· 21 (Morrison, Ryser & Dawe,
1959). Since these values were taken from animals exposed to ambient
temperatures of 35 ° to 39 °C, and all were resting quietly but capable of
immediate activity, comparison with the theoretical metabolic rates predicted from small homeotherms probably is acceptable here. No information was presented in the original references on the amount of body
fat represented in these body weights, and no corrections have been
made which would allow presentation of the observed metabolic rates as
a function of lean body mass. High body fat contents could bias metabolic rates downward (McNab, 1968), but it seems unlikely that the
observed values, some of which are very low with respect to the predicted values, could so be accounted for. Since nearly all species examined exhibited lower than predicted minimal metabolic rates, it is likely
that this may be a generalized character common to all Microchiroptera,
and possibly for the Megachiroptera also.
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Low minimal metabolic rates may offer an adaptive advantage to
insectivorous bats. With the distinct possibility of low food availability
during inclement weather, a reduced metabolic rate and a tolerance for
reduced body temperatures would increase the economy of survival until
food is plentiful again.

Regulation of Body Temperature at High Ambient Temperature
Bats may be frequently exposed to stressfully warm environments
because of their habits of flying near the ground where evening humidity
may be highest, inhabiting hot buildings and caves, etc. Studied in a
thermal gradient chamber, Tadarida brasiliensis was found to prefer
ambient temperatures of less than 35°C (Herreid, 1967), even though
the air temperature in barns used by its summer colonies may exceed
40°C daily (Licht & Leitner, 1967a); and the temperature in many of
its caves may exceed 35°C by mid-summer (Henshaw, 1960; Herreid,
1963a and b, 1967). One may ask whether the physiological tolerance
of bats for low body temperature is matched by an equal physiological
tolerance for high body temperature.
Bats exposed to high ambient temperatures give several responses
which cause an increase in evaporative cooling. Reeder & Cowles
( 1951) exposed several temperate-zone species to air temperatures in
excess of 35°C, and recorded open-mouth panting, increased salivation,
licking of the fur and wing membranes, massive vasodilatation of blood
vessels in the wing membranes, and wing fanning. Herreid (1967)
noted, in addition, increased secretion from the eyes and nasal glands in
Tadarida brasiliensis.
The use of evaporative cooling in Leptonycteris sanborni to reduce
the body temperature below ambient temperature ( Carpenter & Graham, 1967) is probably typical of most species (Fig. 8). At temperatures below their critical temperature, heat production increased to
maintain the body temperature constant. This required more rapid
breathing to get sufficient oxygen into the blood; but water was lost at
a slow rate, apparently largely from cutaneous evaporation. Above the
zone of thermoneutrality, the rates of breathing and water loss increased, indicating panting as a means of increasing evaporation. A plot
of milligrams of water lost per milliliter 02 consumed would resemble
this water loss curve (Herreid & Schmidt-Nielsen, 1966).
Heat lost by evaporation of water compared to metabolic heat produced (which includes the added energy-expenditure of panting and
wing fanning), is a measure of the efficiency of the evaporative cooling.
In a study of Antrozous pallidus, Tadarida brasiliensis, and Myotis
yumanensis, Licht & Leitner (1967b) found that all three species could
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maintain their body temperatures below ambient temperature for an
hour or more when the ambient temperature was between 41.5° and
44 °C (Fig. 9). Antrozous appeared most stressed, panted and salivated
most extensively, and was found to be capable of maintenance of body
temperature below an ambient temperature of 43°C throughout the 1-2
hours of observation. Tadarida and Myotis tended to reduce panting
and salivation, take on a heat load, and tolerate body temperatures of
42.5° to 44°C without mortality for 1-2 hours. Whether this represents
adjustment to hyperthermia, or fatigue and deleterious affects of high
tissue temperature, was not studied. Herreid (1967) concluded from
temperature tolerance studies of T adarida exposed to temperatures of
40° to 50°C that even 40°C is above the upper lethal limit for unlimited
survival.
High humidity, i.e., a low saturation deficit, reduces the amount of
additional water vapor which may be suspended in the air, and therefore reduces the evaporation rate and the efficiency of evaporative cooling. The body temperature of Tadarida brasiliensis, the only species well
studied in this regard, rose 2°c above the ambient temperature of
41 ° to 45°C when relative humidity was 70-80%, but decreased to
nearly isothermal when relative humidity was changed to 6-12% (Licht
& Leitner, 1967b).
Tolerance of high ambient temperature was found to be age-specific.
Young Tadarida were found to be 2x to 4x as tolerant as adults of air
temperatures of 40° to 45°C, though no difference was found at 50"C.
This writer has observed one juvenile Myotis lucifugus, exposed in a
confining respirometer to an air temperature of 51 °C, with a recorded
body temperature of 48 °C for more than 15 minutes without apparent
stress (Henshaw, 1966).
Thermoregulation in Nature
In an interesting and rewarding departure from traditional laboratory
studies, Herreid studied freshly-caught individuals in respirometers set
up within a cave colonized by several million Tadarida brasiliensis
(Herreid, 1963a and b). This was the first indication that animals in
the field tended to remain more nearly homeothermic than individuals
maintained even a few days in the laboratory (Herreid, 1963a and b).
Herreid found that metabolic rate was affected by factors characteristic
of the natural habitat, including activity and vocalizations of other individuals, the amount of crowding, and seasonally changing air temperatures. Bats tested in groups, used less oxygen per bat than single
bats. The larger the group (groups of 1, 4, 8, and 16 individuals were
studied) the less oxygen used per bat. Within the cave individual
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Tadarida averaged 6 ml 02-g-'Hr-1 in May at an air temperature of
21 °C but only 2 ml 0,g-'-Hr' in August at an air temperature of 32°C.
The latter value is closest to the published "basal metabolic rate"
(Herreid & Schmidt-Nielsen, 1966; Licht & Leitner, 1967b), although
it is likely that the "basal rate" shifts with acclimatization to seasonal
shifts in microclimate. It is readily apparent that the calculations of
annual expenditure of energy in nature must account for as many of
the factors of the biotic and physical environment as the investigator
can measure. Such calculations have not yet been made for any species.
RHYTHMS OF THERMOREGULATION

Introduction
The habitats in which bats live vary grossly both daily, e.g., light,
temperature, humidity, etc.; and seasonally, e.g., total incident light,
temperature, precipitation, humidity, etc. It is not surprising then to
find concomitant seasonal and daily changes in the physiology of bats.
Although seasonal shifts in climate may be more dramatic in the temperate zone, there are seasonal climatic changes of biological importance
even in the equatorial tropics. Tropical bats have not been studied in
this regard. In the following sections discussion will concern temperate
zone species only.
Annual Biological Rhythms
Fat stores to support thermoregulatory activity are deposited seasonally in many bats, especially those which hibernate throughout the
winter. Nycticeius humeralis increases its body weight 50% during the
month of August by increasing its fat content by more than three times
(Baker et al., 1968). Myotis sodalis (Hall, 1962) and M. lucifugus
(Henshaw, 1965) exhibited the same build-up during September, then
a gradual reduction in total body weight (fat utilization) throughout the
winter, until a minimal fat content and body weight was reached in
April, which then remained constant through August. That fat deposition is not triggered by only external cues such as day length, is indicated in seasonal patterns of food consumption and fat deposition in
laboratory-raised bats maintained continuously at 33 °C with a 12-hour
light/12-hour dark photoperiod (Stones & Wiebers, 1965b).
Seasonal endocrinological changes associated with reproductive cycles
(Wimsatt, 1960) may modify thermal responses. Female Myotids put
on more fat in the late summer than do males. This may provide females
with a greater energy reserve to support migration to more southern
caves than males (Davis, 1959). By late hibernation females are noticeably gravid, and maintain an elevated body temperature (Carter, this
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volume). Females, depending on species, may leave the cave hibernaculum earlier than males, arriving at summer colonies or special summer nursery colonies first, or may select special clustering locations
separate from the rest of the colony (Henshaw, 1969; Twente, 1955a).
The most interesting seasonal thermoregulatory adjustment in temperate zone bats, first described by Menaker ( 1962), is the cyclic loss
of capacity for hibernation in the summer (Fig. 12). Myotis lucifugus
normally hibernates without arousal for as long as three months (Folk,
1940; Henshaw, 1965), during the winter in caves at air temperatures
between 2 ° and 15 °C. At any time during this period the bats are
capable of spontaneous arousal; i.e., they have the physiological capability to increase heat production rapidly in sufficient amount to bring
their body temperatures quickly to the active level of 39°C while exposed to the low air temperature. During the summer these same individuals are incapable of augmenting heat production enough to cause
arousal in the cold. Menaker also found that within about three weeks
a summer bat placed in a refrigerator acclimatizes and gains the ability
to arouse in the cold. Likewise, a winter bat maintained at room temperature for about three weeks "becomes a summer bat" and loses the
capacity to arouse in the cold. Menaker described this as an hibernationhypothermia annual cycle.
The cycle has subsequently been confirmed by many investigators in
M. lucifugus, and also in Eptescus fuscus (Smalley, personal communication) and M. myotis (Pohl, 1961). Myotis myotis captured in the
summer have been found to maintain homeothermy longer in the cold
than winter-captured individuals, despite equal maximum oxygen consumption rates (Mejsnar & Jansky, 1967). In a permanent colony of
Tadarida brasiliensis in southern Louisiana, a student of Negus's found
shorter arousal times late in hibernation, as well as shorter arousal
times in the first few trials (Negus, personal communication). As indicated in a previous section, Stones & Wiebers (1967) noted that M.
lucifugus under continuous summer conditions maintained homeothermy
when acutely exposed to ambient temperatures of 0° to 5°C. This
hibernation-hypothermia rhythm offers some fascinating departures
for future research into the physiological bases of thermoregulation in
hibernators.
Physiological processes continue during over-wintering hibernation,
although slowly; biochemical substrates are consumed; and the animals
emerge at the end of the period functionally different from when they
entered hibernation. The author has observed the following sequence
of activity in M. lucifugus and M. sodalis: October, arrival at cavehibernaculum; November-December, daily hibernation with arousal
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nearly every evening; January-February-March, deep torpidity with infrequent or no nocturnal arousals; April, May, diurnal torpidity less
deep, nocturnal arousals more frequent; May, departure from cave hibernaculum. Other mammals in hibernation show similar patterns.
Twente & Twente ( 1965) showed that the duration of period in hibernation is inversely related to the temperature of the hibernaculum (Fig.
10) in the golden mantled ground squirrel, Spermophilus lateralis; and
that under constant conditions during hibernation the squirrels exhibit
an increasing arousability in response to external stimuli as the animal
reaches the latter part of its natural hibernating period (Fig. 11)
(Twente & Twente, 1968). Such phenomena as depletion of fat stores
or neurohumors, increased blood urea, etc. could explain the increasing
irritability at the end of the over-wintering hibernating period; but the
actual initiating stimulus for arousal is not yet known.
Each species responds to seasonal climatic shifts differently. These
characteristic individual responses demonstrate most strikingly physiological differences between two congeneric species. The heart rate of
Myotis lucifugus is identical with that of M. soda/is at the same body
temperature throughout the year. During the period of spring arousal,
i.e., March-May, however, M. sodalis exhibits heart rates at any body
temperature which are twice the values observed in either species at the
same body temperature at any other time of the year; or in M. lucifugus
at the same period of the year (Fig. 13) (Henshaw, 1965).
This increased physiological sensitivity to temperature is probably reflected in spring arousal patterns observed in the natural cave hibernaculum at the end of over-wintering hibernation (Henshaw, 1965). It may
be seen in Fig. 19 A, B, that during the early and middle portions of
the hibernating period of M. lucif ugus, the animals clustered in increasing density in the cave passage as the cave air temperature decreased to
3 °C. During late hibernation, while the air temperature of the cave
rose again toward summer levels, the animals remained in their clustering location until May, when they departed from the cave. In contrast,
M. soda/is increased cluster density to some degree during the early and
middle stages of over-wintering hibernation as the cave air temperature
decreased to 2 °C, then between February and April before cave air
temperature had risen to more than 3 °C, this species aroused, moved
to the entrance of the cave, and departed from the hibernaculum. It
may be that such behavioral observations will be the best indices of
physiological differences between closely related species of bat.
Daily Biological Rhythms

Daily ( circadian) biological rhythms of body temperature and various
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physiological phenomena are well established among homeotherrnic
species; it was interesting to find circadian rhythms also in species in
deep hibernation. Bats in summer colonies long have been known to
be inactive during the day, then shortly before dark begin to fly toward
the entrance of the roost. This has been interpreted as light-sampling
behavior, and correlations have been made between time of exit from
the colony and light intensity. DeCoursey & DeCoursey (1954) studied
Rhinolophus in controlled photoperiod. They found that in continuous
dark, animals were active each day for six to eight hours, and that the
circadian cycle length averaged 21 hours and 43 minutes. Such an
activity rhythm of less than 24 hours could be considered to serve an
anticipatory function to the bat, and would insure that the bat would
arouse shortly before dusk each day. On a continuing schedule of seven
hours light/17 hours dark the bats became active at almost exactly the
same tin1e each day. It would appear, then, that an endogenous zeitgeber
establishes a behavioral rhythm and is synchronized by an external light
cue.
Circadian physiological rhythms continue for a period of time after
the bats begin over-wintering hibernation. Menaker (1959) obtained
continuous body temperature records from Myotis lucifugus after entrance into over-wintering hibernation (Fig. 17 A). Body temperature
rose late in each day at approximately the same time. Similar circadian
increases in metabolic rate have been measured in Myotis myotis by
Pohl (1961). Both authors found the amplitude of the daily increases in
temperature and metabolism to decrease until by late hibernation there
was no discernible increase in body temperature, and little or no
increase in metabolic rate. These observations correlate with this writer's
field observations of infrequent or no arousals during mid-winter hibernation, and with similar laboratory observations made in freshly captured December and February M. lucifugus by Stones & Wiebers
(1965).
PHYSIOLOGY

OF ENERGETICS

OF HIBERNATION

Introduction
One of the most fruitful areas of research with bats and an area in
which information derived from bats has made maximal contribution,
is in the physiological bases of hibernation. Bats are the only mammals which normally may become torpid daily as well as seasonally.
Whether daily hibernation is physiologically different from seasonal
hibernation is not yet clear. It is likely that the seasonal involution of
endocrine glands (Kayser & Aron, 1950; Kayser, 1961, 1963), and the
deposition of fat (above) make seasonal and daily hibernation generi-
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cally different, although the differences may be largely in control
mechanisms. In the following discussion of physiology of hibernation,
no attempt will be made to differentiate between seasonal and daily
torpidity, although this remains an area for valuable future contributions.
In Fig. 20 an attempt is made to examine simultaneously physiological
parameters associated with the energetics of the hibernation cycle. These
data are compiled from a variety of species and sources (Kayser, 1961,
1963; Pohl, 1961; Kulzer, 1965a and b; Henshaw, 1965; Zervanos &
Henshaw, 1970). The data are real, not schematized. The graph may
be considered to depict a generalized pattern for bats.

Entrance into Torpidity
Less is known about entrance into the hibernation cycle than is known
about the torpid state itself or arousal from the torpid state, because
timing of entrance is less well predicated. Experimental procedures can
excite animals so as to cause them to remain in a continually active
state. Some data, however, have been accumulated.
In a series of studies on hedgehogs, Soumalainen & Uuspaa (1958)
have proposed that seasonal hibernation is an adaptive response to cold
stress. Although their conclusion was based on amounts of epinephrine
and norepinephrine per gram of adrenal gland, additional data in the
text allow calculation of what may be the most important parameter,
i.e., total amount of each catacholamine available to the animal. They
found fairly high epinephrine and very high norepinephrine content in
late summer, which content was depleted nearly to zero during September when the weather first turned cold and the animals attempted to
maintain homeothermy. With depleted catacholamine stores, the animals
entered over-wintering hibernation. During the winter catacholamine
stores slowly rebuilt, until by April the level of epinephrine was much
higher and norepinephrine nearly as high as in summer animals. During
May the animals effected spring arousal, depleting catacholamine stores
again. Early summer levels of catacholamines were not studied. This
pattern of fluctuation in catacholamine level is consistent with the
author's view that end-of-the-summer cold is a stress adapted to by
entrance into hibernation, and that spring arousal is also an energetically
costly undertaking. Whether daily hibernation can be found to have a
neurosecretory basis such as this is yet to be shown, but on a daily basis,
food and water availability, mean body temperature, and rapidity of replacement of biochemical substrate and neurohormones would be critical. Possibly in the catacholamine secretion patterns lies an explanation
for annual hibernation-hypothermia cycles described previously.
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The data illustrated in Fig. 20 A indicate that upon exposure to low
ambient temperature the hibernator attempts to maintain body temperature at a constant active level by periodic pulsatile increase in metabolic
rate. Respiratory quotient remains constant at a value somewhat above
0.8 during this period if the animal bas not been feeding and is subsisting on stored body fat (Kayser, 1961, 1963). It appears that rapid great
increases in heart rate occur slightly before or concomitant with the
increases in metabolic rate; it may be that the increased heart rate represents the greater part of metabolic rate increases and heat production
for maintenance of body temperature. Despite large pulses of metabolic
rate-increase the mean metabolic rate slowly decreases, due possibly to
exhaustion of substrates, or (more likely) of neurosecretory materials,
and body temperature slowly declines. The period of time for body
temperature to reach minimal levels characteristic of torpidity is determined largely by body weight (i.e. low metabolic heat production
of the cells, heat capacity of the tissues, and thermal conductance of
the tissues and fur through the unique surface area geometry of the
particular species). Metabolic rate does not reach an absolute minimum
for periods of many hours to more than a day (Hanus, 1959b; Henshaw,
1965). The physiological and biochemical mechanisms which uncouple
metabolism from strict dependence upon body temperature are as yet
undefined.

Arousal from Hibernation
Body Temperature and Metabolism. The arousal phase of the hibernating cycle will be discussed before the torpid state for convenience
of discussion, and because it is likely that entrance and arousal are two
sides of the same physiological coin. The energetics of arousal are diagramed in Fig. 20 C. At the onset of arousal there is an initial slow
warming of the body associated with slowly increasing rates of oxygen
consumption and carbon dioxide production. At some body temperature
intermediate between the hibernating temperature and the active body
temperature, a sudden, rapid increase in metabolic rate occurs associated
with a rapid increase in heart rate. As a result body temperature rises
more rapidly toward the active body temperature of 39°C. As body
temperature approaches ambient temperature, metabolic rate and heart
rate decline toward the normal resting rates for a homeothermic animal.
These three phases of the arousal process, i.e., the slow increase, the
high peak increase, and the slow proportioning of the metabolic rate,
will be examined more closely.
When "winter" bats are caused to arouse in the cold, their rectal
temperatures trace a roughly exponential increase as a function of time.
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1

Fm. 22. Adult female Syconycteris australis. Wings partially covering body
afford insulation. From Bartholomew et al. (1964); photo by Stanley and
Kay Breeden.

It has been shown in the golden hamster, Mesocricetus auratus (Lyman
& Chatfield, 1950)-and
it is probably true of hibernating bats-that
during arousal arterial blood does not flow posterior to the diaphragm.
This means that heat generated in the anterior half of the animal reaches
the posterior largely by passive diffusion through the tissues; as a result
rectal temperature is a less reliable index of the arousal process than
would be temperatures taken in the anterior half of the animal. Higher
resolution of temperature-increase components would be possible in
the anterior half of the animal, and it is these data which are illustrated
in Fig. 20 C. Whether the body temperature increase curves are concave or convex is partially indicative of whether metabolic rate levels
out or is proportionally decreased as body temperature approaches a set
point ( as illustrated in Fig. 20 C), or whether the metabolic rate is
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continued at a maximal level until body temperature reaches a set point.
The fact that different functions become rate-limiting at different body
temperatures is becoming increasingly clear. When Myotis lucifugus is
caused to arouse in the cold, the initial warming period of approximately
one-half hour is done without shivering or visible motor activity. Only in
the latter stages of arousal, when body temperature reaches some intermediate point, does visible shivering begin, and it continues until body
temperature approaches 39°C (Henshaw, 1965). This may account for
a Q 10 for oxygen consumption rate of 5-6 from 15° to 25°C, and 2-3
below this temperature range, as noted by many investigators. Hurst &
Wiebers (1968) have observed arousal in M. lucifugus as ambient
temperature was increased linearly from -5° to 50°C over a 2-hour
period (Fig. 14). They suggest that exogenous heat is the primary
source of heat used until a temperature of roughly 20°C was reached.
Above this temperature, oxygen consumption rate increased very
rapidly and body temperature rose to above ambient temperature.
Electromyographic tracings demonstrated that shivering did not occur
throughout the entire warming period. This repeated a similar observation made in M. lucifugus by the present writer (Henshaw, 1965; Henshaw and Folk, 1966). At that time we reported that M. sodalis aroused
more rapidly than M. lucifugus and by use of endogenous heat throughout the awakening process.
In a very carefully designed series of arousal experiments, Zervanos
re-examined Menaker's observation of the inability of M. lucif ugus to
arouse in the cold after a 3-week exposure to 20°C (Zervanos and Henshaw, 1970). Bats were housed in constant temperature rooms differing
by roughly 3 °C from 3 ° to 20°C for three weeks, then exposed to 3 °C
and caused to arouse with a mild pain stimulus. Zervanos found a progressive attenuation of capability for thermogenesis in the cold, correlated with the temperature of acclimation (Fig. 15). The body temperature of animals which had been kept at 3 °C traced a roughly
exponential pattern of increase as a function of time during arousal at
an air temperature of 3°C, while those housed at 20°C for three weeks
failed to increase body temperature at all when cooled to 3 °C. By
studying effects of acclimation to intermediate temperatures, Zervanos
achieved maximum discrimination of processes associated with arousal.
Zervanos hypothesized two separate processes associated with arousal.
During the initial stages of arousal while the animal is capable only
of slow movements of head and appendages, body temperature rose
slowly to 10° to 15°C. At this intermediate temperature a faster rate
of increase of body temperature began which carried body temperature all the way to active level (these phases probably correspond to
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"slow" and "explosive" arousals described by Smalley in 1964). In
animals acclimated to air temperatures of 9° and 12°C the slow phase of
temperature increase was attenuated so that onset of the rapid phase
was delayed, the proportion of bats affected being proportional to air
temperature. The rate of temperature-increase during the rapid phase
was little affected. Most of 9° to 12°C animals could arouse, but arousal-times were roughly twice as long as 3 °C animals. Several animals acclimated to 16°C did not arouse at all. Of those which did arouse,
arousal was achieved only by a greatly attenuated slow phase, or the
rapid phase occurred only very late in the arousal process.
The conclusion may be drawn from the data diagramed in Figs. 20,
14, and 15, that cold-acclimated animals which arouse from a body temperature of 3° to 15°C first use slow phase non-shivering thermogenesis,
followed usually by a rapid phase of non-shivering thermogenesis augmented by shivering thermogenesis. As a rule, if body temperature
reaches 10° to 15°C, rapid phase arousal begins; if slow phase arousal
does not carry body temperature to 10° to 15°C, rapid phase does not
occur. Slow phase non-shivering thermogenic mechanisms are most
affected. Explanations for this probably lie in neurosecretory control of
thermogenesis in brown fat.
Energy Sources for Hibernation and Arousal. It may be asked how
closely the total energy stored in the form of body fat matches the total
energy requirements of the over-wintering hibernating period. Bats have
two forms of body fat, white fat and brown fat. White fat represents the
largest portion of stored fat energy, and is distributed as discrete subcutaneous lobes extending posteriorly from the axilla along the lateral
aspects of the thorax, and in less discrete lobes along the lateral and
ventral aspects of the abdomen as well as in intraperitoneal fat bodies.
White fat of bats is quantitatively, but not qualitatively, different from
white fat in other species; it remains liquid at a lower temperature
(Smalley, 1967), and it has a higher caloric content than white fat from
other species (Baker et al., 1968). The data I have used, although a
rough approximation calculated from several studies, indicate that calories of stored fat equal approximately calories of energy expended during the hibernating period. In fact, energy stored matches energy expended so closely that it is clear that frequent arousals would place
excessive demands on fat stores. Stones & Wiebers (1965) showed that
in laboratory bats arousing for various lengths of time at an ambient
temperature of 10°C lost body weight in proportion to their total integrated activity. Losses were recorded as high as 16 % of body weight,
although this probably also represents significant loss of body water,
which was not examined by the authors.
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By the end of the over-wintering hibernation period almost no fat
remains as discrete bodies, and very little can be extracted with ether
from macerated carcasses (Henshaw, unpublished data). Fat stores
probably become limited by early spring, and it is possible that biochemical shifts to other substrates, such as protein, may trigger spring
arousal (Dodgen & Blood, 1956). Tadarida brasiliensis arouse in the
spring at a slower rate than during the winter, which is due, possibly, to
limited energy sources (Negus, personal communication). Myotis soda/is
arouse frequently throughout the winter in their cave hibernaculum, then
arouse permanently between March and mid April, i.e., even before
ready availability of insect food sources. It may be that the frequent
arousals during the winter of M. sodalis depleted its fat stores sooner
than those of M. lucifugus, thus forcing M. sodalis to terminate overwintering hibernation 1 ½ to 2 months before M. lucifugus.
The energy of fat is made available for tissue metabolism by biochemical decomposition to small monomers which may be incorporated
into intermediary metabolic pathways. Respiratory quotients around 0.5
have been considered of gluconeogenesis from fatty acids (Kayser,
1963). The level of glucose in the blood, then, may reflect the amount
of energy available to cells. Dodgen & Blood (1956) reported that blood
glucose rose exponentially from less than 10 mg% when body temperature was about 10°C, to above 100 mg% at active body temperature;
however, their blood samples were taken from the interfemoral membrane vein and, therefore, may not have been representative of blood
glucose levels in the anterior half of the animal. Herman (1968, 1969),
working in the author's laboratory, succeeded in obtaining blood samples
during arousal by repetitive cardiac punctures. She found that blood
glucose could increase from less than 10 mg% in the cold torpid bat to
active levels of 60 to 100+ mg% in 10 minutes much more rapidly
than predicted by Dodgen & Blood's data. This established that gluconeogenesis occurs during arousal at rates rapid enough to provide
energy substrates to support arousal, provided ( 1) energy stores are
sufficient, and (2) biochemical initiators of gluconeogenesis are available.
Brown Fat: The "Hibernating Gland." In all hibernators there are
several large fat bodies which are distinctly brownish in color. The largest of these bodies lies between the scapulae on the dorsal aspect of the
thorax and extends anteriorally and ventrally around the neck and
down into the chest cavity to near the heart. Since these fat bodies are
relatively larger in hibernators than in homeotherms, they have long
been thought to have special significance to hibernation, hence the early
presumptive designation as the "hibernating gland." The biochemistry
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and physiology of brown fat have been reviewed by Smalley and Dryer
(1967) and by Hayward and Lyman (1967).
Brown fat is specialized for heat production. It has one of the highest
complements of much larger ( 6µ,) mitochondria of any tissue examined.
While some fat is stored in globules within the brown fat cells, this
would be an insufficient amount to maintain the animal for any extended
period ( although it would be sufficient to support a complete arousal
cycle) and, therefore, it is likely that fatty acids must be mobilized from
other depots for burning in the brown fat gland. Brown fat has a well
developed blood supply coming directly from the dorsal aorta (Smith,
1964) ; and blood circulation into the gland is well regulated by the
sympathetic nervous system. The structure of this gland and its proximity to the heart seem ideally suited for its proposed primary function
of heat production in heterothermic animals.
The thermogenic property of the brown fat has been found to be
greater than that of other tissues. During rapid arousal in the cold, due
to slight pain stimulus, brown fat temperature rise precedes that of every
other tissue in the body, though its temperature was only slightly greater
than the heart at any point in time ( Smalley & Dryer, 1963; Smith &
Hock, 1963; Hayward et al., 1965). Allowed to arouse by slow phase
only, the heart temperature slightly preceded the brown fat temperature
rise (Lyman, cited by Smalley & Dryer, 1967). It is clear, then, that the
brown fat and heart are the two primary sources of heat generation
during arousal from hibernation.
Control of brown fat heat generation bas been found to be due largely
to neurohumors of the sympathetic nervous system (Smith, 1968). Observations of tbermogenesis in animals injected with curare to block
shivering activity, and in animals injected with norepinephrine to augment heat production primarily in the brown fat, led Hayward to conclude that non-shivering thermogenesis accounts for about 80% of
arousal thermogenesis in Eptesicus fuscus, the highest non-shivering heat
production yet seen in any species (Hayward and Lyman, 1967; Hayward, 1968). Brown fat has been shown to continue its activity throughout hibernation. Drask6czy & Lyman (1967) compared the content
and turnover rate of norepinephrine and epinephrine in four different
tissues of active and hibernating ground squirrels. They found that
although the adrenal glands contained more than twice as much
norepinephrine and more than 70 times as much epinephrine as the
brown fat which was similar to heart in its content, the turnover rates
of norepinephrine and epinephrine in the active animal were 7 % greater
in brown fat than in heart and brain which were in turn twice as great
as in the adrenal glands. During hibernation the turnover rates of
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norepinephrine and epinephrine in brown fat were twice that of the
heart, more than six times as great as the brain and it appeared that the
adrenal gland took up some of the labeled catacholamine. In isolated
sections of brown fat, liver, and heart, epinephrine caused a 4-fold increase in tissue metabolism in brown fat, while no increase occurred in
either liver or heart tissues (Hayward and Ball, 1966). Brown fat
isolated in tissue culture, continues substrate synthesis and utilization
(Allen, 1969). It appears likely that circadian rhythms of increased and
decreased capability for thermogenesis result from seasonal differences
in brown fat activity, and possibly from relative amounts of sympathetic
neurohumors available to brown fat. Brown fat, then, was aptly named
the hibernating gland, although the original proposers of the name were
completely unaware of the gland's thermogenetic properties under
adrenergic control.

Deep Hibernation
Heat Production ant Heat Loss. When small temperate-zone bats
enter hibernation, their body temperature declines to within about 1°C
of the ambient temperature. As a result, torpid bats have been variously
described as "imperfect thermoregulators" or as incapable of thermoregulation (Eisentraut, 1960; Kayser, 1961, 1963a and b). Kayser
(1963 b, 1964) has suggested that the metabolic rate during hibernation
falls to a fixed minimal value per unit body weight common to all hibernators and determined by ambient temperature. In his view, elevation of the body temperature above the ambient temperature is due only
to the insulative effect of tissues and pelage. Others have reported that
each species reduces metabolic heat production to a characteristic minimum commensurate with long-term torpor ( as suggested in the previous
section). The intention of this section is to demonstrate that bats and
probably all hibernators thermoregulate during hibernation, using
physiological mechanisms similar to those used during homeothermy.
A new method of analysis of energy metabolism using Newton's Law of
Cooling was recently proposed (Henshaw, 1968). It was suggested that
bats-like
any other warm body-lose heat according to Newton's
empirical formula for heat loss:
HL =SA· (Tn - TA)/I
(1)
This states that heat is lost (HL) by conduction, convection, and radiation over the effective surface areas (SA) through the total effective
insulation (I) due to the body-to-ambient temperature differential
(Tn - TA) (Burton & Edholm, 1955). A bat in long-term torpidity
reaches a steady-state body temperature, whence heat-loss precisely
offsets heat production (HP). Therefore, experimental data for HP
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may be substituted for HL in formula ( 1). Since surface area is rarely
determined on wild animals, HP is usually expressed on a unit-weight
basis. Thus:
(2)
HP·g- 1-hr- 1 = (TB - TA)/I
Thermal insulation may be better understood as its mathematical reciprocal, thermal conductance (TC), i.e., the rate at which heat is lost
per degree of body-to-ambient temperature differential:
(3)
TC = HP·g-1.hr- 1 /(TB - TA)
By re-arrangement:
(4)
TB - L = HP·g-Lhr- 1/TC
Formula ( 4) most clearly indicates that the dependent variable
(TB - TA) is dependent upon two physiologically independent variables. The greater the increase in HP the higher the body temperature
will rise above ambient temperature if TC remains unchanged. However,
a compensatory change in TC could offset increased HP so that body
temperature might not rise above ambient temperature.
Newton's Law may be applied to homeotherms and hibernators alike.
Metabolic heat production of homeotherms has been analyzed by Newton's Law for many years (Brody, 1945; Scholander et al., 1950). (The
curve of homeothermic heat production as a function of ambient temperature [Fig. 2] is, in reality, a Newtonian plot, because heat production versus body-to-ambient temperature differential body temperature
remains constant.) Newton's Law does not require constant body temperature; only that a steady-state condition prevail, and that body temperature, ambient temperature, and heat production be measured simultaneously. Until recently relatively few studies have measured body and
ambient temperatures simultaneously, but it is entirely feasible today
Fro. 23. Thermal conductance as a function of ambient temperature in M. /ucifugus and M. soda/is. A. M. /ucifugus. Thermal conductance exponential function of ambient temperature, except below 5°C conductance increased. B. M.
soda/is. Thermal conductance as exponential function of ambient temperature.
Fro. 24. Zone of Thermal Neutrality as a function of stage of hibernation
in M. lucifugus and M. soda/is. At all times of hibernation zone of thermal
neutrality in both species nearly constant. Early in over-wintering hibernation,
M. lucifugus maintained a larger body-to-ambient temperature differential than
late in hibernation. By late hibernation the zones of thermal neutrality of both
species were the same. A: Experimental ambient temperature 5°C, i.e., similar
to cave hibernaculum. B: Experimental ambient temperature 35°C.
Fro. 25. Basal metabolic rate as a function of stage of hibernation in
M. lucifugus and M. soda/is. A. Experimental ambient temperature 5°C.
Myotis lucifugus began over-wintering hibernation with a high basal metabolic
rate, which declined to the level of M. soda/is' rate, which was constant throughout the year. B. Experimental ambient temperature 35°C. Probably represents
no change with stage of hibernation.
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with instrumentation. The time constant of body temperature-increase is
much longer than that for beat production increase, so that data obtained will be "noisy." As a result polynomial regressions usually must
be calculated on a computer.
The utility of a Newtonian approach to metabolic rate is illustrated in
Figs. 16, 18, 21 and 23 (Henshaw, 1965, 1968). In Fig. 21 is presented metabolic-rate data from Myotis lucifugus and M. soda/is plotted
in the traditional manner against ambient temperature. Wide scatter
cannot be accounted for because information on simultaneous body
temperatures is ignored. Typically, with data of this sort, investigators
resort to conjectures that only the lowest values could be produced by
truly resting animals; then they either draw a line connecting the bottom
points, or a line through the average of the bottom clusters of points.
Neither method can be justified on theoretical arousals. When data from
Fig. 21 for one experimental ambient temperature (e.g., 35°C) were
analyzed as a function of body-to-ambient temperature differential, a
second degree polynomial curve formed a convex parabola (Fig. 16).
Each data-set representing one species, ambient temperature, and one
stage of hibernation cycle was analyzed separately and generated a
separate parabola. Because of the resemblance to the "U-shaped" curve
characteristic of homeothermic heat production as a function of ambient
temperature, these same descriptive terms and physiological explanations for the components of the curve were adopted. The curve indicates
that metabolic rate is minimal or basal over a short range of body-toambient temperature differential, called the zone of thermal neutrality.
This is achieved by non-energy-consuming, i.e., purely physical adjustments of thermal conductance, e.g., posture changes, piloerection, etc.
Above (i.e., to the left of) a "critical" body-to-ambient temperature
differential, physical adjustments in insulation are not sufficient, and
augmentation of heat production is necessary to further increase bodyto-ambient temperature differential. Basal metabolic rate, critical temperatures, zones of thermal neutrality, and thermal conductance had
not been described in hibernating animals prior to the use of Newtonian
analysis. These components are diagnostic of physiological mechanisms
and may be compared among species and differing ambient conditions.
Basal Betabolic Rate. Basal metabolic rates at each experimental
ambient temperature have been compared in Myotis lucifugus and M.
sodalis (Fig. 18, A and B) (Henshaw, 1969). It was not surprising to
find basal metabolic rate roughly an exponential function of ambient
temperature, since the body-to-ambient temperature differentials were
all small, and steady-state hibernating metabolic rate has long been
known to be so related to ambient temperature.
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Analysis of metabolic rates according to Newton's Law offers a sensitive device for discriminating species differences.
Differences in the relation of metabolic rate and ambient temperature
in M. lucifugus and M. sodalis were found which could be related to
microhabitats selected by each species in nature. The basal metabolic
rate in M. lucifugus, which inhabits hot buildings in summer and warmer
areas in winter cave hibernacula, decreased at ambient temperatures
below 5°C to approximately 0.004 ml 02g- 1 hr- 1 at -5°C; this is probably the lowest metabolic rate recorded in a mammal. Myotis sodalis,
which inhabits caves in the summer and clusters in the colder parts of
caves during the winter, augmented its heat production at -5°C, and
by this augmentation maintained its body temperature above freezing.
Thermal Conductance. If basal metabolic rate changes exponentially with ambient temperature, then thermal conductance also must be
an exponential function of ambient temperature if critical temperature
remains constant; therefore, calculated thermal conductances were
plotted semilogarithmically as a function of ambient temperature (Fig.
23, A and B). It may be seen that when M. lucifugus was exposed to
-5°C, not only was its basal metabolic rate depressed, but also heat was
lost at a greater rate than at +s c, thus efficiency was minimal. Myotis
sodalis, in contrast, decreased thermal conductance at -5°C while augmenting metabolic rate, thus maximizing energetic efficiency. Thus
laboratory-derived data confirmed that M. sodalis survives in sub-zero
ambient temperatures better than M. lucifugus.
Zone of Thermal Neutrality. In Fig. 24, A and B, the zones of
thermal neutrality of M. lucifugus and M. sodalis at different seasons
are plotted as a function of the season in which the bats were collected
and observed. The zone of thermal neutrality remained roughly constant
at about l.2°C body-to-ambient temperature differential, except possibly
early in over-wintering hibernation, when it may have been slightly
smaller. This constancy lends support to the contention that thermal
conductance varies as an exponential function of ambient temperature.
Seasonal Metabolic Efficiency. Thermoregulatory patterns were
found to shift with the season and length of time in over-wintering
hibernation. The entire zone of thermal neutrality in M. lucifugus was
high at the time this species entered the cool cave from summer colonies
in hot buildings (Fig. 24, A). Coupled with a maximal basal metabolic
rate (Fig. 25, A) and high rate of heat loss (Fig. 26, A), M. lucifugus
entered hibernation with minimal metabolic efficiency. As the period
of hibernation progressed, acclimatization occurred and M. lucifugus
decreased basal metabolic rate, maximized insulative quality, and thus
decreased body-to-ambient temperature differential. By late in the
0
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hibernating period, M. lucifugus' metabolic performance was the same
as the continuously cave-acclimatized M. sodalis. Observations of one
summer individual suggested that acclimatization to summer conditions
occurred after leaving the cave in May.
Myotis sodalis entered over-wintering hibernation with maximal
metabolic efficiency, i.e., low basal metabolic rate (Fig. 25, A), low
thermal conductance (Fig. 26, A), and low body-to-ambient temperature differential (Fig. 24, A), presumably because of having inhabited
caves throughout the summer. This metabolic efficiency was retained
throughout winter hibernation. When exposed to an ambient temperature of 35°C (Figs. 24, B; 25, B; 26, B) both species showed little
seasonal change in basal metabolic rate, but a possible hypersensitivity
to heat at the time of spring arousal was evidenced in a greatly increased
thermal conductance.
The author feels that this approach to analysis of thermoregulation
based on the assumption that hibernators, like any other object, do not
violate Newton's Law of Cooling is a most productive one. It provides
a theoretically sound way of identifying animals which are truly at
lowest metabolic rate. It allows identification of some of the physiological mechanisms of hibernation. It permits measurement of acclimatization to seasonal shifts in microclimate. It should have great utility in
comparative studies because of sensitivity to species differences. Such
information would be of value for making heuristic statements in evolutionary studies.
ANDECOLOGY
BEHAVIOR
Microclimate and Physiology

The thermoregulatory physiology of bats cannot be considered without equal attention to the ecology of each species. Unfortunately, very
few papers have provided more information on the species of interest
than that the individuals studied were collected from a barn, cave, or
tree, etc., on a certain date. Even more unfortunate, it is clear that
most authors have paid little attention to the specific characteristics
of the microhabitat of their animals. It should be clear from the previous
discussion that exposure leads to acclimatization. In almost no studies
can the reader discern whether the author used animals typical of
that species.
As a generalization, it may be said that statements of geographic
distribution of a species provide no information on the microclimatic
variations to which the animal is exposed, and description of cluster
location, flight times, and feeding locale provide only somewhat more
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information. Within the same straight cave passage without any obstructions the author has recorded an ambient temperature of -3°C,
relative humidity of 85 % , and gusty wind where 10,000 Myotis soda/is
were clustered, and 150 feet away an ambient temperature of +6°C,
relative humidity of 99 % , and slight steady air movement where 4,000
M. lucif ugus clustered. Although both species hibernated in the same
cave, surely the microclimatic differences were great enough to be of
bioenergetic significance. It is likely that as much microclimatic variation exists in the tropics. One species of bat might hang completely
exposed in the top of a tree (e.g., most of the Megachiroptera; Allen,
1939; Bartholomew et al., 1964), where relative humidity is variable
less than saturation, wind can be high, and temperature may be high
during the day due to intense solar radiation and low at night due to
reradiation into a clear sky. Another species may always cluster inside
of a folded palm frond (e.g., Artibeus watsoni or Uroderma bilobatum;
Allen, 1939) where relative humidity is near saturation, wind near zero,
and ambient temperature nearly constant day and night. Much more
specific microclimatic information must be obtained to aid in interpretation of physiological patterns.
Bats can and do select their microhabitats with precision (Licht
& Leitner, 1967a). Myotis lucifugus and Eptesicus fuscus summercolonies in buildings are frequently on the warmest wall ( as noted
previously). Twente (1955a and b) documented that several species of
bats inhabiting caves of Kansas and Oklahoma select specific locations
within the caves for clustering. He identified a variety of parameters
which may have more or less dominance in determining where each
species clusters, including: ( 1) cave location and openness, (2) light,
temperature, wind and humidity (both average and range of variation),
and (3) sight, sound and smell of other bats, as well as from other
sources. Habituation to a previous clustering site as well as the tendency
in some species for gregariousness may override microclimate selection
behavior in determination of clustering site location.
When conditions are stressful, the bat may choose new clustering
sites with compromised conditions. Myotis soda/is arouses frequently
throughout the winter and relocates its clusters where ambient temperature is about 3 °C (Henshaw, 1965). Tadarida brasiliensis move out of
the cave unto the cliff face above the entrance of the cave into complete
daylight and maximally exposed to predators as cave air temperature
rises to stressful levels by midsummer (Henshaw, 1960). Licht &
Leitner (1967a) noted that Myotis yumanensis aroused when diurnal
temperatures exceeded 35° to 39°C, and left their clustering site among
ceiling beams in a barn to congregate in a cool stairwell.
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A few studies have provided enough information on microhabitat to
indicate partially the degree of microclimatic selection (Table 5)
(Henshaw, 1965). Such data are available for most of the commonly
seen species, but are published in short communications and as inclusions in longer papers, and are therefore difficult to locate and to
collate. Such information should be a part of any report of functional
studies. For instance, the high temperature and low humidity of cave
clustering-sites reported for Tadarida brasiliensis (Twente, 19 5 6), and
the behavioral responses of Eptesicus fuscus to high colony air-temperatures (Davis, et al., 1968), aid in appreciating the significance of the
lower water loss at high ambient temperature in laboratory experiments
with these two species (Herreid & Schmidt-Nielsen, 1966).
Special Environmental Parameters
The microhabitats of many species provide a number of potentially
stressful environmental conditions for which animals may have produced
physiological adaptations. As an example, in the caves inhabited by
very large summer colonies of Tadarida brasiliensis, the partial pressure
of oxygen may be lowered, the partial pressure of carbon dioxide may
be raised, and the concentration of ammonia due to bacterial decomposition of the copious quantities of urine may reach a potentially toxic
level. Possible physiological adaptations to these interesting environmental parameters should be examined; hypoxia is not yet well studied
among hibernators in general. A few studies have reported tolerance
for hypercapnea without concomitant respiratory or circulatory complications in a few species of hibernators. Studier ( 1966) has conjectured
on the mechanisms involved in tolerance of high concentrations of
ammonia in T. brasiliensis.
The habits of each species will affect, and should be correlated
with, the functional adjustments that the species makes to environmental parameters. It is not known how physiological capabilities might
differ between colonial and solitary bats. The relative stability and
instability of the microclimate to which the animal is exposed may be
reflected in the thermoregulatory pattern of the bat, as, e.g., the differences in body temperature regulation at ambient temperatures below
5°C in Myotis lucifugus and M. sodalis described above. The reader's
attention is called to the diversity of roosting sites of bats listed by
Dµlquest elsewhere in this volume. That list should be examined with
the relative energetic significance of the clustering habit in mind. The
following hierarchy of degree of exposure might be useful in comparing
clustering sites: (1) openly exposed as in tree tops; (2) against
surfaces such as the underside of tree branches or against walls of
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buildings; ( 3) enclosure of the body by the wings or interfemoral
membrane or under leaves, etc.; ( 4) in interstices as under bark and
in tree trunks; (5) in cave entrances with air movement and changing
climate; and ( 6) deep in closed caves with stable microclimate.
Although a species is maximally adapted to the characteristics of its
own microclimate, few species have been studied with more precise
knowledge of the niche than the macroclimate. Future studies could
make significant contribution if they treat adaptations to rnicroclimate.

Population and Community Ecology
Ecological support of a population of bats is, as in the case of the
individual, a question of energy provision and utilization. Thermoregulatory processes discussed in preceding sections may be considered of
autecological significance, i.e., physiological adjustments of the individual bat in response to changes in its own microclimate. In a larger
sense, these processes are of synecological significance, because energy
used in thermoregulation must be supported from the food reservoir
within the bat's home range. Physiological efficiency is a substituent of
ecological efficiency. Long-term maintenance of a population is dependent upon many populational parameters, e.g., birth rate, death rate,
survival to reproductive age, number of litters reared, etc. These
parameters, in turn, are dependent upon community parameters, e.g.,
availability of food source ( insects, fruit, nectar, etc.), and amount
of predation and parasitism, i.e., how the bat fits into the food web.
Bezem, Sliuter, & Van Heerdt (1964) banded populations of four
European species of bats, Myotis daubentonii, M. hystacinus, M.
emarginatus, and Rhinolophus hipposideros. They were able to calculate
estimates of life span as respectively, 20, 16, 13, and 8 years, and
expected length of life for any individual as respectively, 4.5, 3.5, 2.8,
and 1.8 years. Birth rates were 1 to 2 per litter. No other populational
study of bats is known with the magnitude and completeness of this
study by Bezem et al.
Specialized diets and nocturnal habits have placed bats into a unique
niche. Night-flying insects are not preyed upon by any other large
animals, and in the tropics they are available throughout the year.
Fruit, nectar, and fish are available throughout the year in the tropics
and there are few other nocturnal herbivors or non-aquatic fish-eaters
to compete with. There are probably few predators on bats (Constantine, 1948, 1958; Twente, 1954, 1956), although with only 1 or 2
offspring per litter, even limited predation-pressure might limit bat
populations. No quantitative information is available on endo-, or
ectoparasitism.
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The total energetic cost of a population of bats should be calculated
and compared to the biomass of potential food energy. Such community energetic studies have not been done and would make a significant
contribution. By obtaining a thorough knowledge of physiological,
populational, and community mechanisms it may be possible to conjecture with validity about the ultimate biological question in batstheir evolution.
EVOLUTION OF THERMOREGULATION

Precursor to Hibernation: Low Basal Metabolic Rate
Any discussion of evolution must be based largely on conjecture.
Fossilized remains of body parts give rather firm evidence of sequence
of origin of groups of organisms, but physiological mechanisms leave no
fossil evidence. Discussion, therefore, must be based on comparative
studies of extant species, although these species may not be representative of their ancestral types, and an insufficient number of families of
bats have been examined.
The evolutionary origin of hibernation is of central importance,
since homeothermy was undoubtedly well established even in ancestors
of the bats. With few exceptions bats have lower basal metabolic
rates than would be predicted from the relationship 3.8 W· 0 •21 (Morrison, Ryser, & Dawe, 1959). Although insufficient information is
available on the megachiroptera, it may be that low basal metabolic
rate is characteristic also of that suborder, and that this character
found its origin in ancestral forms common to both the Megachiroptera
and Microchiroptera.
Reduced basal metabolic rate may offer two adaptive advantages:
( 1) it would lessen the metabolic cost of maintaining a normal body
temperature at high ambient temperatures; and (2) it might allow
entry into torpidity at relatively high ambient temperatures (Morrison,
1960; Leitner, 1966). Tropical air temperatures approach the zone of
thermal neutrality; thus, metabolic heat production need contribute less
to maintenance of body temperature, and in fact, the added heat-load
due to high basal metabolism might increase body temperature above
the zone of thermal neutrality. It is clear, then, that reduction in basal
metabolic rate in homeothermic bats could be of adaptive significance
in the tropics. The energetic economy of hibernation in the temperate
zone is also clear; reduced body temperature lowers the metabolic cost
during diurnal inactivity and during over-wintering hibernation when
night-flying insects are not available.
Entry into torpor is not an a priori concomitant of reduced basal
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metabolic rate. Bats have, however, other behavioral and physiological
correlatives to evolution in the temperate zone of capability of hibernation. Nocturnal feeding and diurnal inactivity are characteristic of all
bats. Except for the large Pteropodidae nearly all bats seek seclusion
for their diurnal inactivity. Most species spend the day within caves
and rock crevasses, or clinging to undersides of branches, tree trunks,
leaves and eves; i.e., while they are maximally indisposed they are
minimally exposed. Echolocation is as common among tropical species
as among temperate species; it is associated with nocturnal feeding as
well as cave dwelling. It is unlikely, then, that echolocation evolved as
an adaptation for cave-dwelling per se. Thus tropical species of bats had
the functional and behavioral precursors for adaptation to temperatezone climates; species which could exploit these functional capacities
could increase their geographic range greatly into northern and southern
climates.
Only three families of bats appear to have produced the capability
for complete hibernation: the Vespertilionidae, Rhinolophidae, and
Molossidae. The Vespertilionidae are most highly adapted; representatives are found on every continent except Antarctica, and occur
during the summer as far south as the southern tip of South America
and as far north as the Alaskan and Eurasian subarctic. Fewer species
of the Rhinolophidae have moved out of the tropics, but representatives
are found in the British Isles, northern Europe, and Hokkaido, Japan.
The species of this family occurring in temperate zones are capable
of hibernation. The Molossidae have been less successful at moving
into temperate climates, remaining largely in equatorial regions and
subtropical regions, although some species have been reported in southern Canada, Italy, and Korea. The northernmost species are apparently
migratory in the winter, although the few that have been studied in
the laboratory have been found to be capable of hibernation. It is likely
that these species do not make extensive use of hibernation under
natural conditions. Twente & Twente ( 1964), in formulating an
hypothesis about evolution of hibernation in bats, proposed that hibernating species originated from fully homeothermic tropical species.
These authors argue, as did Kayser ( 1961, 1963), that hibernation is
a special adaptation of tropical species to temperate climates. It is
difficult to accept the contention of these authors that the ancestors of
temperate-zone hibernators were complete homeotherms; however, if
functional precursors of hibernation, e.g., low basal metabolism, tolerance for hypothermia, and cave dwelling, were present in the tropical
ancestors, then hibernation may be thought of as a secondary adaptation
to temperate climate. Cade ( 1964), in reviewing the evolution of
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Fro. 26. Thermal conductance as a function of stage of hibernation in
!vi. lucifugus and M. soda/is. A. Experimental ambient temperature 5°C. Myotis
lucifugus entered over-wintering hibernation with a high thermal conductance
which decreased to the level of M. soda/is' conductance, which was constant
throughout the year. After leaving hibernation, thermal conductance of M.
lucifugus increased greatly to maximize heat dissipation in hot summer colonies.
B. Experimental ambient temperature 35°C. By late hibernation, before spring
arousal, animals were becoming responsive to elevated temperature, and were
developing an enhanced thermal conductance.

torpidity in rodents, proposed four stages in the evolution of hibernation; he suggested that hibernation must have originated as an intermediate between poikilothermy and homeothermy. He proposed that
once complete homeothermy had evolved, that tolerance for deep
hypothermia would be lost and that it would be impossible to reverse
this pattern to produce hibernation anew from homeothermic origins.
However, several species of homeothermic bats have been found to
tolerate hypothermia very well.
Taking all of the information together, it appears that hibernating
ability arose as a special adaptation as tropical species extended their
ranges away from the equatorial tropics. All families of bats are
represented in the tropics by homeothermic species; it is therefore
likely that the ancestors of the order Chiroptera were tropical and
homeothermic. It is possible that the common ancestor of the Megachiroptera and Microchiroptera developed either as a primary specialization, or as a retention of a primitive character, an unusually low
basal metabolic rate during homeothermy. Possibly (following separation of the Megachiroptera and Microchiroptera) there was secondary
adaptive refinement in most of the families of the Microchiroptera for
reduced basal metabolic rate during diurnal inactivity, and for echo-
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location in food and shelter location. It is likely that these adaptations
so aided in colonization of subtropical and warm-temperate regions
that high selective advantage was gained from development of deep
hibernation capabilty. Insectivorous hibernating bats should not be
thought of as "primitive mammals," but rather as a well adapted order
of mammals highly successful in the colonization of cooler regions;
that their niche in the temperate zone community with its few competitors, few predators, and a relative abundance of food during half the
year could only be occupied by species highly specialized for seasonal
and/or daily hibernation.
SUMMARY

Bats probably evolved in the tropics, with various adaptations to
facilitate nocturnal feeding and diurnal activity, including echolocation,
shelter-seeking, and reduction in heat production during rest. This last
character reduced energy-cost between feedings, and probably produced
a tolerance for hypothermia. As species were forced by competition to
exploit their physiological tolerances to colonize unclaimed niches in
temperate regions, they could draw on these physiological precursors.
Hibernation was one solution to seasonal food unavailability, as well
as to reduce energy utilization between feedings, which in the temperate
zone could be irregular with inclement weather. Seasonal migration is
retained in varying degrees by all species; but in the vespertilionids,
migration may be as short as to a nearby cave for over-wintering
hibernation.
Much research in laboratories has documented the reduced energyconsumption associated with hibernation, and the extreme energy
utilization during arousals. It is not surprising that recent studies have
established that bats in deep torpor are at the same time regulating
body temperature, probably with respect to ambient temperature, by
physiological mechanisms common to all thermoregulators. They maintain a basal metabolic rate by adjusting physical insulation; when they
raise body temperature above a critical body-to-ambient temperature
differential, they do so by augmented heat production.
Physiological regulatory capacities correlate with, and probably
determine, the microclimates that bats select for clustering. Clustering
behavior itself affects thermoregulation; one function of tight clusters
may be to damp out environmental fluctuation, which otherwise would
require physiological compensation or would cause initiation of arousal.

Relation to Other Papers
Much of the discussion in this paper has been illustrative rather than
comprehensive. For this reason the reader's attention is called to other
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particularly relevant papers in this volume. Echolocation and learning
behavior discussed by Gould may be, as indicated above, intimately
related to successful colonization of temperate regions. Our ultimate
task is to produce a heuristic synthesis, and the chapter on systematics
by I ones, and especially the chapter on zoo geography by Koopman,
are of particular value in our attempts at deciphering the long and often
discursive evolutionary sequence that led to the extant species with
which we work today.
Future Work
1. More quantitative data must be taken in the field in environmental
physiological studies. Descriptions of thermoregulatory patterns in
temperate region species are accumulating, yet little is known about
the microclimates to which they expose themselves. Therefore, little
can be made of these studies except in terms of relative responses of
different species to common laboratory experimental manipulations.
For no species is enough information available to hazard with any
degree of certainty a guess about total energy cost of survival in nature.
2. Physiological and biochemical mechanisms underlying homeothermic and hibernation thermoregulation are but now becoming
apparent. Factors affecting rates of heat loss, maximizing heat conservation, manipulating heart and brown fat thermogenesis, are areas
which are currently productive. To the extent that bats can serve as a
useful research animal, chiropterologists will make a contribution.
3. Behavioral and populational mechanisms have been cursorily
examined, but usually as isolated observations rather than coordinated
with the larger questions of bioenergetic survival.
4. To the student of bats per se, the evolutionary patterns are of
primary importance. Paleomorphology is a well-developed field, but
substantially less attention has been paid to physiological mechanisms
as taxonomic characters.
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